The serial batch leaching test of an electronic arc furnace oxidizing slag was performed on the basis of JIS K 0058-1 to investigate the safety of the slag and to clarify the elution mechanism. The slag which was discharged at the time of refining of normal steel was used for this experiment. The slag was dissolved in water whose initial pH was 6.0. After that, the slag was naturally dried. This operation was performed 12 times successively.
Introduction
Slag has been constantly discharged from iron and steel industries. It is produced in Japan up to approximately 35.6 million ton per year, and about 8.5 percentage of it is an electric arc furnace slag. 1) A slag has been used for cement, base course of road, aggregate of concrete and so on until now. Because the reduction in public works decreases the demand for this usage, the slag has been piled in factory premises. The development of new application of slag is proceeding, and the industries are considering the use of slag in marine.
An iron and steel slag has most of essential elements for plant. Then slag has been used as soil amendments and fertilizers. Elusions of iron and silicon from the slag influence on an increase in phytoplankton in the case of the usage of the slag in sea. Si is necessary for the formation of frustule of Bacillariophyceae. There is the sea area where the number of phytoplankton is low in spite of high nitrate, phos-phate, and silicic acid. 2) The sea area has been called High Nutrient Low Chlorophyll (HNLC). The shortage of iron in HNLC area controls the increase in phytoplankton. The increase in concentrations of silicon and iron in water due to the dissolution of the slag is thought to enhance the growth of phytoplankton, which increases in amount of CO 2 absorption in sea. However, the slag contains heavy metals that are regulated by the environmentally quality standards (EQSs). Then there were many studies on the dissolution of the slag. [3] [4] [5] [6] [7] [8] In previous works, 9, 10) effects of an initial pH in water and the size of the slag on the elution behavior of the slag were investigated in order to check the dissolve concentrations of heavy metals which were environmentally regulated and in order to clarify the mechanism of the dissolution. The slag must be checked by the content test and/or the leaching test before its practical use. Even if the slag passed the content test and leaching test, 11, 12) there is the rare case that the dissolved concentrations form a practi-cally used slag exceed the EQS. In this study, as a series of fundamental study of the elution of the slag into water, a serial batch elution test of the slag was carried out to study the mechanism of the dissolution and to check the safety of the slag.
Experimental

Slag
The used slag in this experiment was the oxidizing slag which was discharged from normal steel making in an electronic arc furnace (EAF). The slag was ground, and then sieved. The slag whose size was 1-2 mm was used for the elution test. Table 1 shows the chemical compositions of the slag. The chemical compositions of the oxides were converted from the composition of the metallic components which were determined by an ICP after alkali fusion of the slag. The chemical compositions of the surface of the slag were also analyzed by an EPMA, and those were shown in Table 1 . Both compositions were almost the same. As shown in Fig. 1 , the XRD revealed that the slag was composed of FeO, 2CaO · SiO 2 , MgFeAlO 4 and FeO · Al 2 O 3 . 10)
Procedure
Because the experimental apparatus and procedure were described in detail in the previous paper, 10) a brief account for them was given here. Elution test was carried out on a basis of JIS K 0058-1 (Test method for chemicals in slags Part 1: Leaching test method). Figure 2 shows the schematic diagram of the experimental apparatus. The parts of the apparatus which were contact with water were made of PTFE. The apparatus was set in a simple globe box that was made of vinyl sheet to prevent interfusion of suspended dust in the vessel. The slag of 100 g in weight set in the vessel. Then, the purified water whose pH was pre-adjusted to be 6.0 by super precision analysis grade HCl was softly poured in the vessel. After that, the water in the vessel was mixed at a rotating speed of 100 rpm. The slag was laid silently in the container during mixing. The aqueous solution was sucked by a whole pipette, and it was passed through the filter whose pore size was 0.45 mm.
The elution test of the slag for measurement of main elements of the slag such as Al, Ca, Fe, Mg and Si was carried out for 48 h. After that, the slag was separated through the filter. The separated slag was put on filter paper, and naturally dried in air for about 48 h. After a confirmation that no adhesive water was observed on the slag, the slag was elution-tested with the same way as mentioned above. The same slag was used during this serial batch test. The filtrates at the first, second, third, fifth seventh, tenth and twelfth times of elution were analyzed by ICP. The hydrogen ion exponent (pH) was measured by a pH meter.
The elution test of the slag for the other elements such as the environmentally regulated elements was performed for 6 h on a basis of the JIS. After that, the slag was separated through the filter, and it was naturally dried in air for about 48 h. This elution test for the minor elements was carried Table 1 . Chemical compositions of slag before elution test and after 12 times of elution test, and pulverized slag particle after elution test (average and confidence limit of 95 %). out at the number of the elution times of 1, 2, 4 and 9. The elution time for the other number of the elution times was 48 h in the same way as the elution test for the major element. The same slag was used during this serial batch test, whereas it was different from the slag which was used for the elution test of main elements of the slag. The concentration of the environmentally regulated elements and the minor element of the slag in the filtrate were analyzed by the external inspection institute. Figure 3 shows an example of the change in pH of the aqueous solution with time during the elution test. Generally, the pH steeply increased immediately after the elution test started. Subsequently, it gradually decreased with time. Hence the slag seems to have buffering action to pH in the solution. 10) Figure 4 shows the change in pH with the number of the elution times. The pH decreased with the increase in the number of the elution test.
Results and Discussions
Change in pH
The allowable range of pH by EQS for conservation of the living environment is shown in Fig. 3 , and the upper limit of this EQS is also shown in Fig. 4 . This range applies to rivers and lakes except for industrial water class 2, class 3 and conservation of the environment. Generally, the pH in the early stage of the elution exceeded the upper limit of the EQS. The Water Pollution Control Law has neither a leaching test nor a content test, and it is the law to watch water quality. Accordingly, that the pH obtained on this condition exceeds the EQS is not against the law. However, we have to direct attention to the pH if this slag is used in waters practically. These results also suggest that water washing of the slag like this serial batch test inhibits the increase in the pH.
Dissolution of Main Elements
Elution Behavior
Figures 5-7 show the dissolution behavior of Ca, Si and Mg from the slag into water. Generally, the concentrations of them steeply increased with time immediately after the elution test started. Subsequently, those gradually increased with time.
As shown in Fig. 5 , the final concentration of Ca at second elution times was smaller than that at first elution times. The final concentration of Ca at third elution times was larger than that at second elution times. The final concentration of Ca at fifth elution times was smaller than that at third elution times, and it was as similar as those at second, seventh and tenth elution times. The final concentration of Ca at twelfth elution times was smaller than that at tenth elution times. As shown in Fig. 6 , the final concentration of Si at second elution times was smaller than that at first elution times. The final concentrations of Si at second, third and fifth elution times were almost the same each other. The final concentration of Si at seventh elution times was larger than that at fifth elution times. After that, it decreased with the increase in the number of the elution times. The final concentration of Ca at twelfth elution times was smaller than that at tenth elution times. The effect of the elution number on the dissolved concentrations of Ca and Si was not clear. However, as a general tendency, the eluted concentrations of them seemed to decrease with the increase of the number of the elution times. The eluted concentration of Mg decreased with the number of the elution times, as shown in Fig. 7 . Here, the eluted Ca concentration of the twelfth times of elution test of Fig. 5 is delayed in early period of elution. Figure 8 shows the dissolution behavior of Al from the slag into water. Generally, the change in the eluted concentration of Al with time was expressed as an upward convex curve. As mentioned in the previous work, 10) the dissolution of Al 2 O 3 can be expressed as follows:
where s indicates a solid. Because the pH decreased with the progress of the dissolution, as shown in Fig. 3 , a dissolved aluminum ion was decreased by the following reaction:
Therefore, the behavior of dissolved Al was shown by a convex curve with maximum. There was not the clear relation between the concentration of Al and the number of the elution times. Figure 9 shows the dissolution behavior of Fe. Here, the concentrations of Fe at seventh and twelfth elution times were below the detection limit of the used ICP. Generally, the change in the concentration of Fe with time was expressed as a curve which had two maximum except for that of fifth elution. The behavior of concentration of Fe is not clarified. However, it seems that the dissolution of FeO, the oxidation of dissolved Fe 2ϩ and the formation and dissolution of Fe(OH) 3 concern the behavior of Fe concentration. 10) Here, in comparison among the eluted concentrations of Al, Ca, Fe, Mg and Si, the concentration of dissolved Ca was the highest. The concentration of Si was comparable to the concentration of Mg, and the concentrations of them were second highest. The concentrations of Al and Fe decreased in this order.
Observation of Slag
As mentioned above, the particle size of the initial slag was 1-2 mm. The SEM image of the cross section of the slag particle and the distributions of elements in it before the elution test were shown in Fig. 10 . The concentrations of Al, Ca, Fe, Mg and Si existed throughout the slag before the leaching test, but the high concentrated parts of them locally existed in the slag. The SEM image of the slag particle and the distributions of elements in it after twelfth elution times were shown in Fig. 11 . The particle size of the slag after twelfth elution times ranged from 0.6 to 2 mm as shown in Table 1 . The phases where the concentrations of Al and Fe were high existed at the surface partially. These phases remained at the slag surface without dissolution because Al and Fe almost did not dissolve in water. The Si was distributed over the entire slag, but the parts where the concentration of it was high did not positioned at the surface but on the inside. The phases in which the concentrations of Ca was high were located more inside than that of the Si rich phase. The Mg rich phase was not observed at the surface of the slag. Here, the pore size and length in the slag were estimated to become larger due to the elution of the slag, but the change of them could not be judged from the comparison of the images as shown in Fig. 10 and Fig.  11 . Another slag surface was the smooth surface as shown in Fig. 12 . Whole or partial surface of the slag particle were smooth, whether the slag was eluted or not. Characteristically, numerous dendrites which were enriched with FeO were dispersed uniformly at the slag which had smooth surface. From a macroscopic stand point, the concentrations of Al, Ca, Fe, Mg and Si were distributed homogeneously, whereas, with regard to the periphery of the slag, Fe was located. Because the slag phase around the dendrites was dis-© 2010 ISIJ The line analysis of EPMA was attempted to detect the distributions of Al, Ca, Fe, Mg and Si, but the meaningful distributions of them were not observed within the detection limit of the EPMA used in the present study. Then, the chemical composition of the slag surface after elution of 12 times was measured. Table 1 shows the chemical composition of it after elution of 12 times in addition to the initial composition. The compositions of Al 2 O 3 and FeO are higher than those of the slag before the experiment. It is considered that the layer which consisted of these components was thin. The XRD pattern of the slag after elution of 12 times was almost the same as that of the initial slag as shown in Fig. 1 . Any hydrates and carbonates which were predicted from thermodynamics to be formed were not identified by the XRD. However, a few of the slag particles after elution of 12 times were reddish brown in color, which suggested the formation of Fe(OH) 3 and so on. Accordingly, the amount of the formation of hydrates and carbonates were estimated to be small even if they were formed.
Change in Weight of Slag
The weight of the slag monotonously decreased with the increase in the number of the elution times due to the dissolution of the slag in water, as shown in Fig. 13 . In this method based on JIS K 0058-1, a slag of 100ϫ10 Ϫ3 kg in weight is necessary for the elution test. Because the slag is 99.2ϫ10 Ϫ3 kg in weight after 12 times of elution, it may be said that the slag weight does not change very much. The dissolved weight a batch of elution was calculated from the weight of the slag. Figure 13 shows the change in the dissolved weight a batch of elution with the number of the elution times. The dissolved weight decreased with the increase in the number of the elution times. The dissolved weight which was calculated from the eluted concentrations of Al, Ca, Fe, Mg and Si was also shown in Fig. 14. The dissolved weight obtained from the change in the slag weight was larger than that obtained from the eluted concentrations, and the difference between them decreased with the increase in the number of the elution times. The difference between the dissolved weights resulted from the uncollected particles of the slag which were adhered on the vessel, the filter and the filter paper. Those particles were shown in Fig. 15(a) . They were approximately 50 mm in size. Therefore, those particles were more generated in the case of a few of the elution times, and the generation of those particles decreased with the increase of the number of the elution times. Figure 15(b) shows the surface of this particle of the slag. As mentioned above, the dendrites stood out in relief due to the dissolution of slag around them. The chemical composition of the entire surface of the pulverized particles was shown in Table 1 . The contents of Al 2 O 3 and SiO 2 were larger than those of the initial slag, whereas the contents of FeO and CaO were lower than those of the initial slag.
Dissolution Rate
The behaviors of dissolution of Ca, Mg and Si of the slag were expressed by the parabolic and the linear law. 10) Then, the application of the time dependencies of the concentrations of Ca, Mg and Si to the two laws are tried so as to investigate the dissolution mechanism. Here the parabolic law and the linear law are expressed as where C i [mg · L Ϫ1 ] is the concentration of i at time t [s], a is the constant [mg · L Ϫ1 · s Ϫ1/2 ], b, aЈ and bЈ are the constant [mg · L Ϫ1 ]. Usually, the parabolic law does not contain the parameter b. It is taken into the parabolic law considering the abrupt increase in the concentration in the early stage of the elution. The linear law for the high temperature oxidation of metals is known as an equation for that the rate determining step is chemical reaction. 13) Here, the liner law that is given by Eq. (4) is derived, assuming that a diffusion layer of the slag increases linearly. 10) Figures 16 and 17 show the fitting of the dissolution data for Ca and Mg to the parabolic law respectively. The good linear relations show that the dissolution behaviors of them are expressed by the parabolic law. Figure 18 shows the adaptability of the dissolved concentration of Si to the linear law. The dissolution behavior of Si is expressed by the linear law, because there are good linear relations as shown in this figure. Accordingly, the dissolution rates of Ca, Mg and Si from the slag is controlled by the diffusion. The elution of the slag occurs at the dense and the porous part of the slag. As shown in Fig. 11 and Table 1 , the compositions of Al 2 O 3 and FeO at the surface of the slag after twelfth elution times are higher than those of the slag before the experiment. The elution of the slag is considered to be controlled by the diffusion through both the surface layer that consisted of these components and the pore.
The parameters, a, b, aЈ and bЈ are obtained from the gradients and the intercepts of the lines that are shown in Figs. 16-18 . The parameter, a, of the parabolic law is related with a rate of the dissolution. Figure 19 shows the relation between the parameter, a, of the parabolic law and the number of the elution times. The relation between the parameter, a, for Ca and the elution times was expressed by a vibrating curve. As an overall trend, the parameter seems to be unaffected by the number of the elution times. The parameter a for Mg steeply degreased at the second elution times. Subsequently, it gradually decreased with the elution times. Figure 20 shows the relation between the parameter, b, of the parabolic law and the number of the elution times. The parameter, b, for Ca linearly decreased with the increase in the elution times. The parameter, b, for Mg steeply decreased till the third elution times, and then it gradually decreased.
Here, the parameter, b, for Ca at the twelfth elution times was negative, which was resulted from the retardation of elution at an early period of dissolution. The diffusion at unsteady state through the surface layer and the pore was considered to influence the parameter, b, for Ca.
As mentioned above, the general tendency of the eluted concentration of Ca seemed to decrease with the increase of the number of the elution times. This thing seems to depend on the relation between the parameter, b, and the number of the elution times. The elution of Mg decreases with the increases in the number of elution times, because both parameters decrease with the increases in it. Figure 21 shows the relation between the parameters of the linear law and the number of the elution times. The relations between both the parameters and the elution times were expressed by each vibrating curve which became small. The relation between the parameter aЈ which is related with a rate of the dissolution and the number of the elution times is obscure, but the parameter bЈ which determines how high the dissolved concentration is decreases with the increase in the number of the elution times. It seems that the dissolve concentration of Si decreases with the increase in the number of the elution times.
The relations between the parameters, a, aЈ, bЈ, and the number of the elution times were expressed by the vibrating curves. The slag was pulverized during the elution, as mentioned before. The relations are considered to be influenced by the increase in the surface area of the slag and the composition of the newly exposed surface due to the pulverization. Figure 22 shows the relation between the ratio of the parameter, a, for Mg to that for Ca and the number of the elution times. Because the parameter, a, of the parabolic law is related with a rate of the dissolution, the ratio of the parameter, a, for Mg to that for Ca is equivalent to the ratio of the dissolution rate between them. The ratio of the parameters at the first elution time almost equaled with the initial weight ratio of Mg and Ca in the slag, and it decreased with the increase in the number of elution times. The weight ratio of Mg and Ca in the slag after twelfth elution times can be calculated from the composition of the slag as listed in Table 1 , and the weight ratio was 0.26. The ratios of the parameters were so lower than the weight ratio. The elution of the slag is not influenced by the composition of the surface of the slag. The used slag consisted of four oxides as shown in Fig. 1 . The dissolution of Ca, Mg and Si were estimated to be controlled by the diffusion through the slag surface. This result shows that the elution of the slag does not proceed congruently. Table 2 shows the dissolved concentration of minor elements. The EQSs for soil pollution, the law relating to the prevention of marine pollution and maritime disaster, and the water pollution are also listed in Table 2 as reference. JIS K 0058-1 provides that the slag is leached for 6 h into water whose initial pH is 6.0. The concentrations of environmentally regulated elements obtained on this condition should be refereed by the EQS for the soil pollution. B, Cu, V, Zn and F of them were detected, but these concentrations were below the EQSs for the soil and the marine pollution. Generally, these concentrations decreased with the increase in the number of the elution times. The eluted concentration of Zn exceeded the EQS for the water pollutant. As mentioned earlier, the water pollution control law does not have the leaching test, and is a law for watching water quality. Accordingly, it is not a problem that the elution concentration of Zn obtained on this condition exceeds the EQS of water pollutant. However, we must pay attention to the elution of Zn when this slag will be practically used in waters.
Dissolution of Minor Elements
Ba, Mn, Mo, K, Na, Sr and W were detected as minor element except for the environmentally regulated elements, as shown in lower part of Table 2 . Generally speaking, those concentrations except for that of Mn decreased with the increase in the number of the elution times like the relation between the eluted concentrations of the environmental regulated substances and the number of the elution times.
It could not be identified where and how much the regulated and the other minor elements existed in the slag. Simply assuming that these elements homogeneously existed in the slag, the eluted concentrations of them should increase with the increase in the dissolved weight of the slag. Because the eluted amount from the slag decreased with the increases in the number of elution times as shown in Fig. © 2010 ISIJ Fig. 19 . Relation between parameter of parabolic law given by Eq. (3) , a, and number of elution times. 14, the dissolved concentrations of them were thought to decrease with the number of the elution times.
Conclusions
The serial batch elution test of the electronic arc furnace (EAF) oxidizing slag which was discharged from normal steelmaking process was carried out based on JIS K 0058-1. The obtained results were summarized as follows;
(1) The eluted concentrations of environmentally controlled elements were lower than the environmental quality standards for soil. The EAF oxidizing slag can be used on land. Generally, those components decreased with the increase in the number of the elution times.
(2) After the pH steeply increased at an early stage of the elution of slag, it gradually decreased. The pH decreased with the increase in the number of the elution times.
(3) The dissolution behaviors of Ca and Mg were expressed by the parabolic law. That of Si was expressed by the linear law. The dissolutions of them from the slag were estimated to be controlled by the diffusion through the surface layer of the slag. Generally, the dissolve concentrations decreased with the increase in the number of the elution times.
(4) The pulverized slag particles whose size were approximately 50 mm were formed on elution of the slag. The generation of those particles decreased with the increase of the number of the elution times.
